Objective-To determine whether long term potroom workers in an aluminium smelter are at increased risk of neurological disorders.
A possible link between work with aluminium and neurological disorders was first raised in a published report in 1962, documenting the case of a worker exposed to aluminium who developed pulmonary fibrosis, rapidly progressive encephalopathy, and seizures.' Two subsequent case series reports have provided some support for this link. Three aluminium potroom workers who worked at the same plant presented with incoordination, intention tremor, and cognitive deficits.2 This condition was labelled "potroom palsy". The authors hypothesised that the neurological deficits were most likely related to aluminium exposure in the potroom. A further case series report of 25 potroom workers from this same plant, including the three workers described in the original case series, found that the most often reported symptoms were frequent loss of balance (88%), memory loss (84%), joint pain (84%), dizziness (80%), numbness (80%), and severe weakness (80%). 3 Neurological evaluation found that one or more of tremor, dyssynergy of upper limb movements, and ataxia were present in 84% of the 25 patients. In each of these case series, there was no control group for comparison.
Despite these results, there have been few published epidemiological studies investigating the neurological effects of long term occupational exposure to aluminium. One study found a 9% prevalence of pyramidal and cerebellar changes in a group of 444 aluminium electrolysis workers, but there was no unexposed group for comparison. The cognitive functioning of miners who were exposed to a finely ground aluminium powder, as a purported prophylaxis against silicotic lung disease, was more likely to be in the impaired range, compared with the cognitive functioning of unexposed miners.5 Impairment in the exposed group increased with duration of exposure. The finding of mildly impaired cognitive function was also reported in another study of workers inhaling aluminium dust, but this was a young group with short periods of exposure. A study of 65 welders found significantly more neuropsychiatric symptoms than those reported in a control group.7 However, the welders had been exposed to several metals in the welding fume, making it difficult to identify the role of aluminium.
The only published study carried out in the aluminium industry is a cross sectional study of neuropsychological deficit in recently retired workers in a Norwegian primary aluminium plant. 8 This study found that a group of 14 potroom workers and 22 foundry workers was more likely than a control group of 16 workers to have reported three or more neuropsychiatric symptoms, evidence of subclinical tremor, and a tendency towards impaired visuospatial organisation. As the numbers in the study groups were small and the use of recent retirees may be subject to survivor bias, these results should be interpreted with caution. Also, the presence of tremor was assessed indirectly by a test for static steadiness and there was no objective test of incoordination.
In each of these studies, aluminium exposure has been suggested as the likely cause of the neuropsychological disorders. The role of aluminium in dialysis encephalopathy in patients with renal failure has been well documented,9 but the role of aluminium as a cause of Alzheimer's disease has been controversial.'0 However, the primary route of absorption in an occupational setting (inhalation) is very different from the route of absorption in each of these settings; intravenously for dialysis patients and gastrointestinal for the proposed link with Alzheimer's disease. Kinetic studies of aluminium workers have shown that aluminium is absorbed into the body through inhalation and that the half life increases with the duration of exposure,"
I as the aluminium is retained in at least two functional components of the body.'2 It has been shown that absorbed aluminium after long term exposure is retained in the body for several years after the end of exposure."
After the publication of the case series of the 25 patients already described, 3 production methods or raw materials since production began. However, the pots were not enclosed until 1972, when hoods were added. Most of the personal air samples collected between 1968 and 1988 had measured total particulates, which were consistently higher in the potrooms (mean of 12-5 mg/mi) than in the carbon plant (mean of 10-5 mg/ml), which was higher than the concentrations in the cast house (mean of 4-5 mg/mi). A NIOSH survey in the potrooms in 1973, after the hoods were fitted, found that air concentrations of total particulate were three to eight times greater in the non-hooded pot areas than in the hooded pot areas, indicating far greater worker exposure in the potrooms before hoods were installed. 14 Air samples collected in 1988, which documented the amount of respirable aluminium exposure by department, together with the mean particulate concentrations between 1968 and 1988, were used to estimate likely average exposures to respirable aluminium. samples showed that the carbon plant had 1 9 times more exposure to respirable aluminium dust than the cast house, and the potrooms had 6-3 times more aluminium exposure than the cast house. In these samples, 19%-34% of the total particulate was respirable, and of the respirable fraction, 70%-94% was aluminium. The calculated crude estimates indicated that potroom workers were exposed to higher concentrations of respirable aluminium particulate (estimated mean 0 5 mg/M3) than workers in either the carbon plant (estimated mean 0 15 mg/M3) or the cast house (estimated mean 0-08 mg/M3). All were below the American Conference of Governmental Industrial Hygienists (ACGIH) threshold limit value of 10 mg/M3.
STUDY GROUPS
The exposure data outlined above was used to help define criteria for the two groups to be included in the study. These groups were selected to maximise differences in aluminium exposure with the following criteria: the potroom group comprised all workers who had worked for at least two years in the potroom before 1 January 1972-that is, before ventilation hoods were placed on pots-and had at least 10 years of work in the potroom. The control group comprised all workers who had worked for at least two years in the cast house or carbon plant before 1 January 1972, had at least 10 years of work in the cast house or carbon plant, and no periods of work in the potroom. Work history data were extracted from personnel records to identify eligible workers in each group. In total, 98 potroom workers (65 still employed and 33 former workers) and 76 control workers (49 still employed and 27 former workers) met the eligibility criteria. All were invited to take part in the study. Before the study the protocol was approved by the NIOSH human subjects review board. DATA 
COLLECTION
The study was cross sectional in design and data collection was conducted on site at the plant over a six day period in November 1993. Current workers from each group were randomly taken off the production line to be tested over a 90 minute period. Former workers were brought in from outside the plant for testing. All subjects gave written, informed consent. Although the testing was done on site, it was not easy to identify subjects from different parts of the plant, and this assisted in blinding the examiners to the exposure status of each participant. Also, subjects were asked not to discuss their work area with examiners. After neurological testing and undergoing standardized neurological examination by a neurologist, subjects were asked to complete a self administered questionnaire, containing questions about demographic factors, medical history, neurological symptoms, and potential confounders, such as alcohol intake and cigarette smoking.
Hand or arm tremor was measured with a hand held device that uses accelerometers mounted inside a T shaped apparatus made of plastic pipe to measure dynamic aspects of the amplitude and frequency of hand movements. ' The statistical analysis was conducted with the statistical analysis system (SAS) for PC, version 6-04. Continuous variables were analysed with Student's t tests. For dichotomous categorical data, 2 x 2 tables were constructed and odds ratios (ORs) with 95% confidence intervals (95% CIs) were calculated with exact methods. StatXact was used to estimate ORs for the symptom data as several of the cells had expected counts of less than five, and in many cases the cell counts were zero.
Summary measurements of tremor were developed by fast Fourier transformation of each sample measurement into a power spectrum of 256 discrete points covering a frequency range of 0-30 Hz. This power spectrum provides a summary measure of amplitude of the tremor in both horizontal and vertical directions. Data reduction techniques were used to create 18 1 Hz power bands (1-18 Hz), which were transformed to natural logarithms for statistical analysis. Two statistical analyses were run: an analysis of group differences with repeated measures analysis of variance (ANOVA) for both power (amplitude) and frequency; and a x2 analysis of the distribution of individual scores.
Because of the low participation rates for former workers in both the study and control groups, and the small number of compensation claimants, the analyses were repeated with former workers and compensation claimants excluded.
Results
Of the 65 potroom workers still employed in the plant who met the eligibility criteria, 52 took part in the study (80%). Of the 33 former potroom workers who met the eligibility criteria, 11 took part (33%). Of the 49 control workers still employed in the plant who met the eligibility criteria, 35 took part in the study (71%). Of the 27 former control workers who met the eligibility criteria, two took part (7%). A total of 100 workers (63 potroom workers and 37 controls), all of whom were men, took part in the study. Four of the potroom group had put in previous compensation claims for neurological disorders, and were members of the 25 patient case series previously published.3 Table 1 shows the demographic characteristics of the two groups. There were no signifi-cant differences between the potroom and control workers for age, race, or education, which was used as a surrogate of socioeconomic status. The analysis was repeated with the former workers excluded and, again, no significant differences were found for these three demographic variables. Also, there were no significant differences between the two groups for smoking or alcohol drinking.
NEUROLOGICAL SYMPTOMS
Odds ratios with 95% CIs were calculated for neurological symptoms reported on the self administered questionnaire. As the numbers were small, the four frequency categories for each symptom (not at all, a little, moderately, and quite a lot) were dichotomised by collapsing them into two categories (not at all and a little, and moderately and quite a lot) for calculation of the ORs. As several of these dichotomised symptoms yielded 2 x 2 tables with cell counts of zero and expected counts of less than five, StatXact was used to obtain a median unbiased estimate of the point estimates and exact 95% CIs for the ORs. Table 2 shows the results of these analyses. For all of these symptoms, except weight loss, the point estimates for the ORs were higher for the potroom group, ranging from 1X43 for appetite loss to 10-59 for incoordination. Because of the small numbers in the groups, the CIs for these ORs were very wide, with only three achieving significance (for incoordination, depression, and difficulty buttoning clothes). When the analyses were repeated with former workers and the four compensation claimants excluded from the analysis, the ORs for depression and difficulty buttoning were lower and no longer significant. Table 3 shows the number of symptoms reported by members of each group to find whether a subset of workers was reporting multiple symptoms. As one of the cells was Thirty three (52%) of the potroom group and 15 (41 %) of the control group were found to have at least one neurological abnormality. The OR was 1-62 with a 95% CI of 0-71 to 3-67. Nine of the 33 people with neurological abnormalities in the potroom group were noted to have tremor, usually of the upper limb, but in one case, of the head. Five of the 15 people with neurological abnormalities in the control group were also noted to have tremor. Three of the potroom group had unsteadiness on tandem gait, whereas no workers in the control group had this abnormality. No significant differences were found between the groups for any of the neurological abnormalities examined relevant to the disorders postulated to be related to work in potrooms. There were several other abnormalities found for which non-occupational causes were present-such as diabetic neuropathy, familial ptosis, and upper extremity tremor induced by medication.
TREMOR
To test for differences between the groups, the measurements were subdivided into those that characterised visible tremor (1-6 Hz) and those that characterised part of the non-visible tremor range (7) (8) (9) (10) (11) (12) . No analysis was performed on the rest of the non-visible range (13-18 Hz) as the power in this frequency band was too low to be meaningful.
A fatigue effect was found for both visible and non-visible tremor, characterised by an increase in tremor over time, confirming the sensitivity of the tremor test. To control for the effect of the fatigue variable, the analysis comparing the groups was performed only for the measurements in minute two of the three minute test period. The subject's measurements in the second minute were less variable because they were not still correcting their target aim (which tends to occur in the first minute) and the fatigue effects were not yet present (fatigue effects tend to maximise in the third minute). Table 4 shows the results, which indicate no significant differences between the groups on power (amplitude) or frequency for both the visible and non-visible range of arm tremor in either horizontal or vertical directions. Repeating the analysis with former and compensation workers excluded made no difference to these findings. and frequency. This analysis was confined to the measurements from the second minute to control for the effect of fatigue which was found to cause increased tremor in the third minute. Table 5 shows the results for leg tremor, which indicate similar results between the two groups on all power (amplitude) and frequency measures. As found for arm tremor, the leg tremor measurements showed sensitivity to fatigue effects, but there were no differences between the exposure groups. Age adjustment made no difference to the results for arm or leg tremor.
POSTURAL STABILITY
The length and mean radius of the postural sway path are clinically relevant variables measured by the postural stability test.'7 No significant differences between the potroom and control groups were found for these two variables for any of the test conditions. Table 6 shows the results for each group for the mean radius, measured in inches, for the 12 test conditions. Further analysis was undertaken to look for interactions between different test variables, with the raw data and ratios of the raw scores. Although there were a few isolated significant findings, mainly for the mean radius, there was insufficient concurrence among the variables length of path, area, and mean radius to suggest any neurologically meaningful differences between the two groups.
REACTION TIME AND VOCABULARY TESTING The mean (SD) reaction times were computed for each participant across all trials. Also, the fastest and slowest reaction times were recorded for each. Two participants, whose fastest reaction times were < 100 ms, were probably not following instructions and were omitted from the analyses. Also, one participant could not complete the reaction time test due to disability and another due to equipment failure.
The mean (SD) reaction time for the 59 potroom workers was 279 1 (55 93) ms, and for the 37 controls it was 261-8 (45 22) ms; these were not significantly different (F (1, 94) = 2-06, P = 0 155). The means of the two groups are similar to those obtained in a previous NIOSH study of 932 subjects who had reaction time evaluated with the neurobehavioural core test battery reaction time test.20
Scores were obtained for each participant on the vocabulary portion of the WAIS-Ra. 19 Four workers (one from the potroom group and three from the control group) were excluded from all analyses of vocabulary scores because they reported that their primary language was Spanish. The mean vocabulary score for the 62 potroom workers was 44-8, and the mean score for the 34 control workers was 41-5. The difference between the means of the two groups was not significant (F (1, 94) = 1-82, P = 0-181).
For all neurological tests, no significant changes in the findings occurred when the analyses were repeated with former and compensation workers excluded.
Discussion
The prevalences of neurological symptoms were consistently higher in the potroom group, although a significant difference between the potroom and control groups was found only for three symptoms. However, the 95% CIs of the ORs were wide for most symptoms due to the small numbers of participants reporting symptoms. Finding higher reporting rates of neurological symptoms in the potroom group is consistent with previous publications.78 The demographic characteristics (age, education, and race) of the two groups were similar. Therefore, any differences in symptoms between the two groups are not likely to be due to confounding by these factors. This was confirmed for age as there was no difference in the results after adjustment for age.
Because of the large amount of previous publicity within the plant about the possibility of neurological problems among potroom workers, and the fact that the two published case series comprised workers from this plant,23 the possibility of an information bias operating among the potroom workers cannot be discounted. An information bias is said to be operating when members of one of the groups under study (usually the exposed group), because of previous knowledge about the health outcome and exposure being investigated, are more likely to report symptoms because they can anticipate the correct answers. This bias only operates in the case of the collection of subjective data, such as the reporting of neurological symptoms.
As it had been anticipated that an information bias may be operating among workers at the plant, the study incorporated several objective measures of both motor and cognitive function. Objective indicators of neurological impairment are an important part of any study investigating neurological abnormalities in workers exposed to suspected neurotoxins. This is because they may be able to Objective tremor testing of both hand or arm and leg found similar results for both the potroom and control groups. This was true for tremor in both the visible and non-visible range. Therefore, these findings did not support the finding of increased difficulty in buttoning which may be an indication of tremor in the potroom group, but supported the negative tremor findings on clinical examination. The tremor test was found to be sensitive to effects of fatigue, and this effect was controlled for by only analysing data collected in the second minute of testing.
There may be several reasons why these tremor results differ from those found in the only other published study which objectively assessed tremor.8 This Norwegian study involved a much smaller study group with a mean age nine years older than the group in the present study. Therefore, age related tremor effects may have been a factor in the Norwegian study. Secondly, a less sensitive method, the Klove-Matthews static steadiness test, was used to measure tremor. Thirdly, the Norwegian group worked in a S6derberg smelter which has a different pattern of potroom exposure than that experienced in a prebake smelter, as in the present study. This last point may not be so relevant for differences in aluminium exposures between the two types of smelter as it is usually only coal tar pitch volatiles, rather than the other potroom contaminants such as aluminium or carbon monoxide, which are higher in Soderberg smelters.'
The postural stability test was sensitive to the expected differences between eyes open and closed and the rigid and compliant standing surfaces. Although this test showed some isolated significant differences between the potroom and control groups for some interactions between test variables, there was insufficient concurrence among the variables of path length, area, and mean radius to suggest that these were neurologically meaningful differences. These inconsistent findings suggest that tests which identify the separate capacities of visual, proprioceptive, and vestibular functions should be used in future studies of postural stability in aluminium workers.
The mean reaction times were similar to values found in other populations,20 suggesting that simple visuomotor function was not impaired in either group. The lack of a difference in mean vocabulary score suggests that baseline levels ofverbal intelligence were similar in both groups and therefore not an important factor in performance on other neurological tests. Examination of vocabulary scaled scores for each WAIS-Ra age group found that 96% of the workers were within one SD of the general population mean, indicating that vocabulary in both groups was within the reference range for the general population.
The members of each study group were selected on the basis of long term employment in the smelter, starting at a time when aluminium exposure in the potroom was higher than it is today due to the absence of hoods on the pots before 1972. As neurological impairment due to chemical exposure is usually slowly progressive, the inclusion of groups of workers with at least 23 years since first exposure (all workers in the study started work at the plant before 1 January 1970) should have ensured that an appropriate latent period was built into the study design. 
